Aims/hypothesis The aim of this study was to prospectively examine whether dietary patterns are related to risk of gestational diabetes mellitus (GDM). Methods This prospective cohort study included 13,110 women who were free of cardiovascular disease, cancer, type 2 diabetes and history of GDM. Subjects completed a validated semi-quantitative food frequency questionnaire in 1991, and reported at least one singleton pregnancy between 1992 and 1998 in the Nurses_ Health Study II. Two major dietary patterns (i.e. Fprudent_ and FWestern_) were identified through factor analysis. The prudent pattern was characterised by a high intake of fruit, green leafy vegetables, poultry and fish, whereas the Western pattern was characterised by high intake of red meat, processed meat, refined grain products, sweets, French fries and pizza. Results We documented 758 incident cases of GDM. After adjustment for age, parity, pre-pregnancy BMI and other covariates, the relative risk (RR) of GDM, comparing the highest with the lowest quintile of the Western pattern scores, was 1.63 (95% CI 1.20-2.21; p trend =0.001), whereas the RR comparing the lowest with the highest quintile of the prudent pattern scores was 1.39 (95% CI 1.08-1.80; p trend =0.018). The RR for each increment of one serving/ day was 1.61 (95% CI 1.25-2.07) for red meat and 1.64 (95% CI 1.13-2.38) for processed meat. Conclusions/interpretation These findings suggest that prepregnancy dietary patterns may affect women_s risk of developing GDM. A diet high in red and processed meat was associated with a significantly elevated risk.
Introduction
Gestational diabetes mellitus (GDM) is among the most common complications of pregnancy in the United States; approximately 135,000 cases of GDM are diagnosed annually, representing an average 3-8% of all pregnancies [1] . Recent data have shown a substantial rise in the incidence of GDM among women of varied ethnic/racial backgrounds [2, 3] . Women with GDM have an increased risk of prenatal morbidity and a considerably elevated risk of IGT and type 2 diabetes in the years following pregnancy [4] [5] [6] . Children of women with GDM are more likely to be obese [7] and to have IGT and diabetes in early adulthood [8] .
Obesity is the major recognised modifiable risk factor for GDM. High pre-pregnancy BMI has been consistently associated with an increased risk of GDM [9, 10] . In the past decade, substantial evidence from epidemiological and clinical studies has suggested that diet influences glucose homeostasis and that modification of diet can influence the risk of type 2 diabetes among non-pregnant individuals. Recently, a FWestern_ dietary pattern, characterised by a high intake of red meat, processed meat, sweets and refined grains, has been associated with an increased risk of type 2 diabetes in large prospective cohorts of both men and nonpregnant women [11, 12] . In addition, a conservative pattern similar to the Western pattern [13] in a Finnish population, a Fjunk food_ pattern in Native Canadians [14] , and a modern western diet in Pima Indians [15] have all been reported to be associated with an increased risk of IGT and/or type 2 diabetes.
Limited attention has been given to the role of dietary patterns in the pathogenesis of GDM. Available data have predominantly focused on single nutrients. For example, significantly positive associations were observed between GDM risk and dietary intakes of total fat [16, 17] and saturated fat [18] , while inverse associations were observed for polyunsaturated fat and GDM risk [18, 19] in some cross-sectional or retrospective studies. We were unaware of studies on the association of dietary pattern with the risk of GDM. Thus, we designed the present study to prospectively examine the association between major pregravid dietary patterns and GDM risk in a large cohort of US women.
Subjects and methods

Study population
The Nurses_ Health Study II (NHSII), established in 1989, is a prospective cohort study of 116,671 female nurses in the US. This cohort has been, and continues to be, followed with the use of biennially mailed questionnaires to update information on health-related behaviours and characteristics and to determine incident disease outcomes. The follow-up rate has consistently exceeded 90% in every 2-year period. For the analyses presented here, women were excluded if they did not complete a food frequency questionnaire (FFQ) in 1991, or if more than nine items on it were left blank; if their reported dietary intake was implausible with regard to total energy intake (i.e. <2.09 MJ [500 kcal]/day or >14.64 MJ [3,500 kcal]/day); or if they reported a multiple gestation (i.e. twins or higher order multiple gestations). Women were also excluded if they reported a history of diabetes, cancer, cardiovascular disease or GDM on the 1989 or 1991 questionnaire. The final sample for the current analyses consisted of 13,110 women who reported having at least one singleton pregnancy lasting 6 months or more between 1992 and 1998. The study was approved by the Human Research Committees at the Brigham and Women_s Hospital; completion of the self-administered questionnaire was considered to imply informed consent.
Dietary assessment
Dietary intake information was collected using a 133-food item semi-quantitative FFQ designed to assess average food intake over the previous year. A standard portion size was given for each food item. Study participants were asked to choose from nine possible frequency responses, ranging from Fnever_ to Fmore than six times a day_, for each food. The selected frequency category for each food item was then converted to a daily intake. For example, a response of Ftwo to four servings per week_ was converted to 0.43 servings per day (three servings per week). Nutrient intakes were computed by multiplying the frequency response by the nutrient content of the specified portion sizes. Nutritional values were derived from the US Department of Agriculture sources [20] and supplemented with information from manufacturers.
Food items with similar nutrient profiles or culinary uses were combined, and 39 predefined food groups were formed. This classification follows that of a study in men with a similar dietary assessment instrument [21] . A food item was classified individually if its composition differed substantially from that of other foods (for example, eggs or pizza), or if they were suspected to represent distinct dietary patterns (for example, wine or French fries). Questionnaire items on processed meat consumption included Fbacon_, Fhot dogs_, and Fsausage, salami, bologna and other processed meats_, and items on red meat consumption included Fbeef or lamb as main dish_, Fpork as main dish_, Fhamburger_, and Fbeef, pork or lamb as a sandwich or mixed dish_. Previous validation studies of FFQs similar to those used in the NHSII cohort showed good correlations between foods assessed by the FFQ and multiple weeks of food records completed over the previous year [22, 23] . For example, the corrected correlation coefficients between FFQ and multiple dietary records were 0.56 for hot dogs, 0.70 for bacon, 0.55 for sausage, salami, bologna, and other processed meats, 0.58 for poultry, and 0.66 for fish. The mean correlation coefficient between frequencies of intake of 55 foods from two FFQs administered 12 months apart was 0.57 [22] .
Assessment of non-dietary covariates
Participants provided socio-demographic, clinical and lifestyle information biennially, including age, weight and smoking status. We calculated BMI as the ratio of weight in kilograms to squared height in metres. Self-reports of body weight were shown to be highly correlated with technicianmeasured weights (r=0.96) [24] . Family history of diabetes was reported in 1989 only. Physical activity was assessed with the 1991 and 1997 questionnaires and was measured in weekly metabolic equivalent task hours (MET-h). Correlations between physical activity reported on recalls and diaries and that reported on the questionnaire in our cohort were 0.79 and 0.62, respectively [25] .
Ascertainment of GDM
The diagnosis of GDM was based on self-reported information in the biennial questionnaire. A previous validation study of GDM based on medical record review in this cohort demonstrated a high validity of self-reported diagnosis of GDM [10, 26] . In brief, we reviewed the medical records of a sample of 114 women in the cohort who corroborated on a supplementary questionnaire that they had a first diagnosis of GDM in a singleton pregnancy between 1989 and 1991. Of these women, 94% were confirmed to have been diagnosed with GDM by a physician on record review. All women reporting this diagnosis had evidence of abnormal glucose homeostasis. Formal National Diabetes Data Group criteria were used by most physicians for the diagnosis of GDM [26] . We also sent supplementary questionnaires to 100 women reporting a pregnancy uncomplicated by GDM during the same interval. Eighty-three per cent reported a glucose loading test, and all reported frequent urine screening in pregnancy, consistent with a high degree of surveillance in this cohort.
Statistical analysis
In the primary analysis, dietary patterns were generated by principal component factor analysis based on the 39 predefined food groups. This method identified dietary patterns primarily based on the correlations between these food groups. An orthogonal rotation procedure was used to maintain the uncorrelated nature of factors. The number of factors retained was determined by eigenvalue, the Scree test and the natural interpretability for each factor. The factor score for each pattern was calculated by summing intakes of food groups weighted by their factor loadings. Factor loadings represented correlation coefficients between the food groups and a particular pattern. The larger the loading of a given food item or group to the factor, the greater the contribution of that food item or group to a specific factor. Each woman received a factor score for each identified pattern. We then used dietary pattern scores to rank participants according to the degree to which they conformed to each dietary pattern. We divided dietary pattern scores into quintiles. In secondary analyses, we also constructed dietary pattern scores using only key food items for each pattern (i.e. red meat, processed meat, refined grain products, snacks, sweets and deserts, French fries and pizza for Western pattern; fruits, tomatoes, cabbages, green leafy vegetables, dark yellow vegetables, legumes, other vegetables, poultry and fish for prudent pattern) and omitting weights, as previously described in studies of the NHSII cohort [27] and the European Prospective Investigation into Cancer and Nutrition [28] .
Relative risks (RRs) of GDM for each category of dietary pattern or food intake compared with the lowest category were estimated using Cox proportional hazards analysis [29] stratified according to 5-year age categories. The 1991 intake was used for the follow-up between 1991 and 1995, and the average of the 1991 and 1995 intake was used for the follow-up between 1995 and 1999 to reduce within-person variation [30] . Because women with previous GDM were excluded from this study, nulliparous women were over-represented in the GDM group. To account for this effect, we adjusted for parity in multivariate analyses and performed a secondary analysis restricted to nulliparous women (n=5,039, 266 GDM cases). In multivariate analyses, we additionally adjusted for age, BMI (<21, 21-22.9, 23.0-24.9, 25.0-26.9, 27.0-28.9, 29.0-30.9, 31.0-32.9, 33.0-34.9 and Q35.0 kg/m 2 ), smoking status (never/ past/current), race/ethnicity (Europid/African-American/ Hispanic/Asian), family history of diabetes, physical activity (quintiles), and dietary variables (quintile) including total fat (% energy), cereal fibre, alcohol consumption, glycaemic load and total energy intake (quintile). We also conducted stratified analyses to assess whether the association between dietary pattern and GDM risk was modified by family history of diabetes (yes/no), adiposity status (BMI: <30 vs Q30 kg/m 2 ; <25 vs Q25 kg/m 2 ) or physical activity status (high/low; divided by median).
When the association between GDM risk and intakes of red meat and processed meat was evaluated, total red and processed meat intakes were categorised into quintiles, while single meat item intakes were divided into three categories (0, <0.14 serving per day [one serving per week] and Q0.14 serving per day [one serving per week]), owing to the small number of participants with frequent intake. The significance of linear trends across categories of dietary intake was tested by assigning each participant the median value for the category and modelling this value as a continuous variable. All tests of statistical significance were two-sided. All statistical analyses were performed with SAS statistical software, version 8.12 (SAS institute, Cary, NC, USA).
Results
Two major dietary patterns were derived through factor analysis based on the 39 predefined food groups. The first factor was positively correlated with intakes of fruits, green leafy vegetables, poultry and fish, while the second factor was positively correlated with intakes of red meat, processed meat, refined grain products, sweets and deserts, French fries and pizza. The first factor explained 9.4% of the total variance and the second factor explained 5.9% of the total variance. As with our previous study [30] , we labelled the first factor as the prudent pattern and the second factor as the Western pattern. Women with a high Western pattern score tended to smoke more, consume less fibre, and engage in less physical activity, whereas women with a high prudent pattern score tended to smoke less, consume more fibre, and to be more physically active (Table 1) .
Over the 8 years of follow-up, 758 women reported a first diagnosis of GDM. After multivariate adjustment, the prudent pattern was significantly and inversely associated with GDM risk (Table 2 ). In contrast, a Western pattern score was significantly and positively associated with GDM risk. This association remained strong after adjustment for age, parity, pre-pregnancy BMI and other covariates. We next examined the joint effect of Western pattern and prudent pattern. After adjustment for age, parity, BMI, energy intake and other covariates, compared with women in the lowest quintile of the Western score but highest quintile of the prudent score, those in the highest quintile of the Western score and lowest quintile of the prudent score had a 1.86-fold (95% CI 1.13-3.06) higher risk of GDM (p value for interaction 0.45). In stratified analysis, a positive association of the Western pattern with GDM risk persisted within strata defined by BMI, family history of diabetes and physical activity level (p values for interaction all >0.10). Additionally, we restricted our analysis to nulliparous women and obtained similar results. The association between a Western diet and GDM risk was no longer significant after further adjustment for red meat and processed meat; corresponding RRs for GDM across increasing quintiles of Western pattern scores were 1.00 (referent), 0.92 (95% CI 0.71-1.19), 0.92 (95% CI 0.69-1.22), 0.86 (95% CI 0.62-1.18), and 1.03 (95% CI 0.72-1.48) (p trend =0.697).
Intakes of red meat and processed meat were both significantly associated with a higher risk of GDM (Table 3) .
To reduce the effect of other components of the Western pattern, we further controlled for the Western pattern score. The associations were slightly attenuated but generally remained strong: RRs across increasing quintiles of red meat were 1.00, 
To investigate major contributors to the observed associations between red and processed meat intake and GDM risk, we adjusted for those major nutrients in red and processed meat that have been associated with glucose intolerance. The associations with GDM remained significant for both red meat and processed meat after adjustment for fatty acids and cholesterol: RRs across increasing quintiles of red meat were 1.00, 1.18, 1.39, 1.59, 1.55 (95% CI 1.13-2.12) (p trend =0.006) and 1.00, 1.21, 1.19, 1.38, 1.41 (95% CI 1.07-1.86) (p trend =0.049) for processed meat. After the adjustment for dietary haem iron, the association between processed meat and GDM was attenuated, but remained significant (p trend =0.01), whereas the association of red meat with GDM risk became insignificant (p trend =0.08). When red and processed meat products were analysed simultaneously as continuous variables in multivariate models, we observed a RR of 1.61 (95% CI 1.25-2.07) for red meat and a RR of 1.64 (95% CI 1.13-2.38) for processed meats for each serving increment in consumption. Among specific processed meat, intakes of sausage, salami, bologna and other processed meats showed the strongest positive association.
To avoid potential bias as a result of undiagnosed nongestational diabetes, we eliminated GDM cases who reported non-gestational diabetes in the next round questionnaire (n=20); the results did not change materially. Similar results were observed when BMI was fitted as a continuous variable in multivariate models.
Moreover, findings from secondary analysis using simplified dietary pattern scores, based on only key food items without weights, were broadly consistent with those for pattern variables based on all food items and using weights. The simplified pattern variables showed a correlation >0.92 with the more comprehensive scores derived from the principal component factor analysis for both the Western pattern and the prudent pattern.
Discussion
In this large prospective study we observed strong associations of the Western and prudent dietary patterns with GDM risk. The association with the Western pattern was largely explained by intakes of red and processed meat products. Pregravid intake of red and processed meats were both significantly and positively associated with GDM risk, independently of known risk factors for type 2 diabetes and GDM, including BMI, physical activity and other components of the Western pattern (i.e. refined grain products, snacks, sweets and deserts, French fries and pizza).
Limited attention has been given to the role of dietary patterns in the aetiology of GDM, with available data All data are presented as mean values unless otherwise specified Q1 is the lowest quintile, Q3 is the medium quintile, and Q5 is the highest quintile *MET-h/week, calculated using the duration per week of various forms of exercise, weighting each activity by its intensity level predominantly focusing on the association of single nutrients with GDM risk. Our findings are in general accordance with evidence of positive associations of a Western pattern diet [11, 12] , dietary patterns similar to the Western pattern [13] [14] [15] , and red meat intakes [11, 27, 31, 32] with type 2 diabetes in men and non-pregnant women.
The observed positive associations of pregravid dietary patterns and meat intakes with GDM risk are biologically plausible. Normal pregnancy, especially the third trimester, is characterised by profound metabolic stresses on maternal lipid and glucose homeostasis, including marked insulin resistance and hyperinsulinaemia [33] . Women who develop GDM are thought to have a compromised capacity to adapt to the increased insulin resistance characteristic of late pregnancy (mainly third trimester) [33] . Pregnancyrelated metabolic challenges unmask a predisposition to glucose metabolic disorders in some women. The majority of women with GDM have beta cell dysfunction on a background of chronic insulin resistance to which the insulin resistance of pregnancy is partially additive [34] .
Factors that contribute to insulin resistance before pregnancy may have a deleterious effect during pregnancy and be risk factors for GDM. The Western pattern score was significantly associated with fasting insulin and C-peptide levels in US male health professionals [35] . Moreover, a dietary pattern that resembled the Western pattern was associated with higher plasma glucose concentrations in a Dutch population [36] . A major characteristic of the Western pattern is a high intake of processed and red meat. In the present study, the association between a Western diet and GDM risk became non-significant after adjustment for red meat and processed meat, suggesting that the observed association may be largely due to intakes of these foods. Several possible biologically adverse effects of components in red and processed meats, such as saturated fatty acids and cholesterol, on insulin sensitivity have been proposed and might be relevant to the pathophysiology of GDM. In the present study, the strong association of red meat and processed meat with GDM risk remained significant after further adjustment for other dietary factors, including fatty acids and cholesterol, indicating that components of red meat and processed meat other than these nutrients might be also relevant to the pathogenesis of GDM. For example, nitrites, frequently used as a preservative in processed meats, have been implicated in the development of diabetes. Nitrosamines can be formed by the interaction of amino compounds with nitrites present either in the stomach or within the food product [37] . They have been linked to beta cell toxicity [38] . In addition, low doses of the nitrosamine streptozotocin were found to induce type 2 diabetes in animal models [39] .
Another potential explanation is related to the toxic effects of AGEs, which can be formed in meat and high-fat products through heating and processing [40] . Animal models and human studies suggest that AGEs are involved in the progression of diabetes. The development of type 2 diabetes was reduced by treatment with aminoguanidine, an AGE inhibitor, in genetically diabetic mice [41] , and improvement of various features of insulin resistance was shown in mice fed a diet low in AGEs [42] . Moreover, a diet high in AGEs was found to promote inflammatory mediators that might be important in the genesis of diabetes, such as TNF-a and C-reactive protein [43] . Both biomarkers have been positively associated with the risk of GDM or gestational hyperglycaemia [44, 45] . In addition, it has been proposed that food-derived AGEs may interact with glycoxidation-related genes, in particular, the AGE receptor (AGER) gene, to determine risk of type 2 diabetes by activating the AGE receptor signal transduction pathway involved in the inflammatory response [46] . Haem iron in red meat might also contribute to the increased risk of GDM, because body iron overload has been postulated to promote insulin resistance and increase the risk of type 2 diabetes [47] . More recently, iron supplements and increased iron stores in pregnant women without iron deficiency were related to an increased risk of GDM [48] . However, the association between processed meat and GDM risk remained strong after adjusting for haem iron. Nevertheless, it is also plausible that other unidentified components in red meat and processed meat can contribute to the adverse effect on GDM related to them. .0-34.9, and Q35.0 kg/m 2 ) RR3 adjusted for age (5-year category), parity (0, 1, 2, 3+), BMI (nine categories), race/ethnicity, cigarette smoking status (never, past, current), family history of diabetes in a first-degree relative (yes, no), alcohol intake (0, 0.1-5.0, 5.1-15.0 or >15 g/day), physical activity (quintile), and total energy (quintile) Dietary information during pregnancy was not specifically measured in the current study. However, limited data suggest that dietary patterns and macronutrient intakes do not vary significantly between periods prior to conception and periods of pregnancy [49] , although women generally increase their energy intake in pregnancy to meet fetal need. It is plausible that much of the adverse effects of red meat and processed meat on the risk of GDM that we observed for the pregravid period reflected continued consumption patterns during pregnancy. The current study addresses the relationship between diet and GDM risk only. Reduced intake of red meat may increase the risk of iron deficiency anaemia, which has been associated with other pregnancy complications, including an increased risk of preterm delivery [50] . Further studies are needed to examine relationships between dietary patterns in pregnancy and various pregnancy outcomes, including fetal growth and development.
Our validation study indicated a very high degree of surveillance during pregnancy in this cohort and a high degree of accuracy of self-reported GDM compared with medical record review [10, 26] . Misclassification of noncases as cases would be expected to attenuate observed associations between risk factors and outcome, and so would not explain positive results. Misclassification of dietary exposure is inevitable. However, because of the prospective design of this study, dietary exposure data could not have been influenced by the subsequent occurrence or non-occurrence of GDM. The misclassification would have weakened rather than strengthened the observed associations. Previous validation studies of FFQ similar to those used in the NHSII cohort showed good correlations between foods assessed by the FFQ and four 1-week weighed diet records [22] . Limited variation of intakes for single red meat or processed meat items in our cohort could lead insufficient statistical power to detect significant associations. Because of the observational nature of the current study, we cannot rule out the possibility of residual confounding by unmeasured factors. However, significant associations remained after carefully controlling for major well-documented risk factors for GDM.
Because red and processed meats are components of the Western pattern, adjustment for the Western pattern in the analysis of association of red meat and processed meat with GDM risk might represent an over-adjustment. However, the main purpose of adjustment for the Western pattern in our analysis was to control for potential confounding by overall dietary patterns and other food items associated with red meat intake. Because risk estimates were only very moderately attenuated by adjustment for the Western pattern, it is unlikely that confounding by other food groups associated with red and processed meat intake explains our findings.
An advantage of using dietary patterns is the potential to detect the combined effect of foods, especially if the individual components of a pattern contribute to only a small amount of risk. Good reproducibility over time of the patterns generated by this method has been demonstrated in a parallel cohort of men [30] . Dietary patterns were consistent over time in our cohort, and our use of cumulative averages of dietary pattern scores reduced the influence of random error. The principal components method of pattern analysis identified existing patterns; therefore, the Western pattern observed in our study does not necessarily represent food choices that would pose the highest diabetes risk, nor does the prudent pattern represent the lowest risk. Although no other studies have examined the association between these dietary patterns and GDM risk, these and similar dietary patterns have been shown to be associated with type 2 diabetes among non-pregnant women and men [11] [12] [13] [14] [15] . In addition, we constructed less population-dependent pattern variables using simplified variables [28] and applied them in the analysis of the association between dietary patterns and GDM risk. Pattern scores derived from these two approaches were highly correlated, and findings on their association with GDM were generally consistent. These simplified food variables can be adopted in future studies in other populations for replicating findings from the present study.
In summary, although the observational design of our study makes it impossible to assess causation, our findings support the hypothesis that pregravid diet affects women_s susceptibility to GDM when facing the profound metabolic challenges of late pregnancy. Independently of conventional risk factors for GDM and type 2 diabetes, the Western dietary pattern, in particular, higher red and processed meat intake, was strongly associated with a higher risk of GDM.
